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COMPUTATIONALLY EFFICIENT
INTERSECTION COLLISION AVOIDANCE
SYSTEM

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

This application 1s a continuation-in-part of U.S. patent
application Ser. No. 12/796,978 filed Jun. 9, 2010, which 1s
incorporated herein by reference 1n 1ts entirety.

GOVERNMENT INTEREST

This mvention was made with government support under

CMMIO854907 awarded by the National Science Founda-
tion. The government has certain rights in the 1nvention.

FIELD OF THE INVENTION

The present invention 1s related to an intersection collision
avoldance system, and 1n particular, an intersection collision
avoldance system that has a processing umt with a distur-
bance model that can back-propagate a capture set from a
collision zone as a function of a disturbance for a motor

vehicle.

BACKGROUND OF THE INVENTION

Studies have shown that more than 30% of all accidents 1n
the United States occur at intersections. As such, the U.S.
Department of Transportation has initiated a study 1nto inter-
section collision avoidance systems and several publications
and systems for reducing or eliminating collisions at inter-
sections have been proposed. For example, U.S. Pat. No.
7,295,925 discloses an accident avoidance system that
includes a positioning system arranged in each vehicle that
determines the absolute position of each vehicle and then uses
the position information to prevent two or more vehicles from
being at the same place at the same time. However, such a
system 1nvolves determination of the absolute position of a
first vehicle and a second vehicle, mnformation regarding
which lane the first and second vehicles are 1n, weather con-
ditions, accident conditions and the like. As such, a relatively
complex system 1s disclosed and an intersection collision
avoldance system that 1s relatively simple and yet reliable
would be desirable.

SUMMARY OF THE INVENTION

A back-propagating intersection collision avoidance sys-
tem 1s provided. The system can include a first vehicle and a
second vehicle, the first and second vehicles each operable to
approach an intersection at a definable velocity and accelera-
tion. In addition, the intersection can have a collision zone 1n
which the first and second vehicles will collide 1f they are
present there at the same time.

The first vehicle can have a processing unit with a control-
ler and a microprocessor, the microprocessor having an algo-
rithm with a disturbance model. The processing unit 1s oper-
able to back-propagate from the collision zone a capture set as
a function of a disturbance for the first and second vehicles.
The processing unit can also determine 11 the first and second
vehicles are within the capture set, and 11 not, determine 11 the
first and second vehicles will enter the capture set. In the event
that the first and second vehicles are not 1n the capture set, the
processing unit can also mstruct the controller to accelerate or
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2

de-accelerate the first vehicle 1n order to prevent the first
vehicle from entering the capture set.

The processing unit with the disturbance model can calcu-
late a disturbance as a function of uncertainty from actuator
delays for the first vehicle, actuator delays for the second
vehicle, discrete time steps used by the microprocessor and
the algorithm, communication time delays, vehicle dynamics
for the first vehicle, and/or vehicle dynamics for the second

vehicle. In some 1nstances, the processing unit with the dis-
turbance model calculates a worst case scenario for the first
vehicle and/or the second vehicle. Furthermore, the process-
ing unit with the disturbance model can also calculate a dis-
turbance even though the current dynamaics of the first vehicle
are not known entirely, the current dynamics of the second
vehicle are not known entirely, the current state of the first and
second vehicle 1s not known due to communication delays,
the current state of the first and second vehicle 1s not known
due to sensor noise, and/or the current state of the second
vehicle 1s not known due to the fact that the second vehicle 1s
a non-communicating vehicle. In the event that the second
vehicle 1s a non-communicating vehicle, the processing unit
with the disturbance model can calculate or model the second
vehicle as a complete disturbance.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic 1llustration of an intersection scenario
where an intersection collision avoidance system according
to an embodiment of the present invention can be applied;

FIG. 2 1s a graphical representation of a collision zone for
the intersection shown 1n FIG. 1;

FIG. 3 1s a schematic 1illustration of a partially ordered
system assumed 1n an embodiment of the present invention;

FIG. 4 1s a graphical representation of an order-preserving,
system assumed 1n an embodiment of the present invention;

FIG. 5 1s a graphical representation of a capture set for two
vehicles approaching an intersection;

FIG. 6 1s a graphical representation of five different sce-
narios of two vehicles approaching an intersection;

FIG. 7 1s a schematic representation of the boundaries for
an intersection collision avoidance (ICA) system according to
an embodiment of the present invention;

FIG. 8 1s a schematic representation of system boundaries
for an ICA application according to an embodiment of the
present invention;

FIG. 9 1s a schematic representation of “use cases”
employed by an ICA system according to an embodiment of
the present invention;

FIG. 10 1s a schematic representation of use cases to shar-
ing vehicle state data via vehicle-to-vehicle communication
according to an embodiment of the present invention;

FIG. 11 1s a schematic representation of a simplified class
model for an ICA system according to an embodiment of the
present invention;

FIG. 12 1s a graphical representation of acceleration versus
velocity for a vehicle with a given input set; and

FIG. 13 1s a graphical representation of de-acceleration
versus velocity for a vehicle with a given 1nput set.

DETAILED DESCRIPTION OF THE INVENTION

The present invention discloses a back-propagating inter-
section collision avoidance (ICA) system for preventing two
or more vehicles from colliding at an intersection. The ICA
system can calculate predicted positions of the two or more
vehicles 1n the near future, and both the current and future
positions can be broadcast to surrounding vehicles using
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vehicle-to-vehicle communication. For each vehicle, a set of
states, for example position, speed, acceleration, and the like,
where a collision 1s imminent can be identified using state
information for a local vehicle, a remote vehicle, and a known
collision zone for the intersection. If the current states of the
vehicles are determined to be 1n danger of entering the colli-
s1on zone, the ICA system can control the vehicles to perform
evasive driving maneuvers and/or alert the drivers.

The back-propagating ICA system can include an intersec-
tion with a known collision zone, a first vehicle and at least a
second vehicle. The first vehicle and the second vehicle are
cach operable to approach an intersection at a definable veloc-
ity and acceleration and the collision zone 1s defined as an
area of the intersection in which the first vehicle and the
second vehicle will collide 11 present therewithin at a same
time.

The back-propagating ICA system can also include a
microprocessor with an algorithm, the microprocessor with
the algorithm operable to back propagate from the collision
zone a capture set as a function of a position, velocity, and
acceleration of the first vehicle and the second vehicle. The
capture set defines a plurality of locations that 1T occupied by
the first vehicle and the second vehicle results 1n the two
vehicles entering the collision zone at the same time. The
microprocessor with the algorithm can also determine 11 the
first vehicle and the second vehicle are within the capture set
and/or 11 the first vehicle and the second vehicle will enter the
capture set during a predetermined time step given the posi-
tion, velocity, and acceleration of each of the vehicles.

A controller can also be included, the controller being 1n
communication with the microprocessor and operable to
aflford acceleration and/or de-acceleration of the first vehicle
and/or the second vehicle. In this manner, the controller can
afford for the first vehicle and/or the second vehicle to take an
evasive driving maneuver and thereby prevent the vehicles
from entering the collision zone at the same time.

The capture set can be an overlap of a first vehicle capture
set and a second vehicle capture set. The first vehicle capture
set defines a plurality of locations as a function of the posi-
tion, velocity, and acceleration of the first vehicle that guar-
antee the first vehicle will enter the collision zone within a
first range of time. Likewise, the second vehicle capture set
defines a plurality of locations as a function of the position,
velocity, and acceleration of the second vehicle that guarantee
the second vehicle will enter the collision zone within a
second range of time. It 1s appreciated that the first range of
time and the second range of time can at least partially overlap
cach other and thus the first vehicle and the second vehicle are
prevented from entering the collision zone of the intersection
at the same time.

In some 1nstances, the microprocessor with the algorithm
can be attached to at least one of the vehicles. In addition, the
microprocessor can be a first microprocessor and a second
microprocessor which may or may not be attached to the first
vehicle and the second vehicle, respectively. In such an
instance, each of the microprocessors 1s operable to back
propagate from the collision zone a capture set for the respec-
tive vehicle as a tunction of the vehicle’s position, velocity,
and acceleration relative to the intersection. In addition, each
of the microprocessors 1s capable of determining if the
respective vehicle 1s within the respective capture set and/or 11
the respective vehicle will enter the capture set within a given
predetermined time period. The first microprocessor can be in
communication with the second processor via vehicle-to-
vehicle wireless communication that affords for the position,
velocity, and acceleration of each vehicle to be shared with
the other vehicles.
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The controller can include a first controller and a second
controller that may or may not be attached to the first vehicle

and the second vehicle, respectively. The first controller can
be 1n communication with the first microprocessor and be
operable to afford for acceleration and/or de-acceleration of
the first vehicle, while the second controller can be 1n com-
munication with the second microprocessor and be operable
to afford for acceleration and/or de-acceleration of the second
vehicle. In this manner, 11 the microprocessor, or the first
microprocessor and the second microprocessor, determine
the first vehicle and/or the second vehicle are not currently
within the capture set, but will enter the capture set without
evasive driving maneuvers, the controller, or the first control-
ler and the second controller, can aftord for acceleration and/
or de-acceleration of the first vehicle and/or the second
vehicle. In the alternative, 1f the microprocessor, or the first
microprocessor and second microprocessor, determine the
first vehicle and the second vehicle are currently within the
capture set, the driver of each vehicle can be alerted that a
collision 1n the mtersection 1s imminent. Upon being alerted,
it 1s appreciated that a driver can take additional evasive
driving maneuvers in order to avoid a collision 1n or at the
intersection.

A process for avoiding a collision between at least two
vehicles approaching an intersection 1s also disclosed. The
process includes providing an ICA system, for example as
described above, the ICA system back-propagating a capture
set as a function of a position, velocity, and acceleration of a
first vehicle and at least a second vehicle that are approaching
the mtersection. The process also includes determining 11 the
first vehicle and the second vehicle are within the capture set,
and i not, determining 11 the first vehicle and the second
vehicle will enter the capture set within a predetermined
period of time. In the event that the first vehicle and the second
vehicle are within the capture set, the process includes warn-
ing the driver of the first vehicle and/or the second vehicle that
a collision at the intersection 1s imminent. In the alternative, 1f
the process determines that the first vehicle and the second
vehicle are not within the capture set, but will enter the cap-
ture set within the predetermined period of time, the ICA
system can afford for acceleration and/or de-acceleration of
the first vehicle and/or the second vehicle. It 1s appreciated
that the acceleration and/or de-acceleration can provide eva-
stve maneuvering of the vehicle(s) in order to avoid a collision
at the 1ntersection.

In order to aid in the teaching of the invention, and yet not
limit 1ts scope 1n any way, one or more embodiments of the
ICA system and/or ICA system components are described
below.

ICA Algorithm

An ICA algorithm used 1in combination with an ICA sys-
tem atffords for control of one or more vehicles to avoid a
variety ol vehicle collision scenarios at intersections. For
example, the ICA algorithm can be used to avoid a two-car
collision at a T-style intersection with such a scenario used
below for teaching purposes.

Collisions are predicted based on a known collision zone
and vehicle position information shared among vehicles
approaching the intersection via vehicle-to-vehicle wireless
communication. For the purposes of the present invention, the
term “‘collision zone™ 1s defined as an area of an intersection
where collisions are likely to occur 11 and/or when two or
more vehicles are present at the same time.

The ICA algornithm exploits structural properties of road
systems such as: (1) on a given path, a vehicle can move 1n




US 8,965,676 B2

S

only one direction; (2) for a fixed path, a higher control force
will lead to higher longitudinal position and speed along the
path (also known as partial ordering); and (3) for a fixed path
and control force, two vehicles, one 1n front of the other, will
remain in that order it the two vehicles maintain the same
speed and wheel torque (also known as order-preserving
dynamics).

The ICA algorithm 1s computationally efficient in that it 1s
linear 1n complexity with the number of state variables. In
addition, the ICA algorithm 1s not conservative in that the
algorithm commands control of the vehicle only when abso-
lutely necessary. It 1s appreciated that the ICA algorithm can
be used with a safety multi-agent research test-bed (SMART)
system, the SMART system/platform allowing access of
vehicle state information and sharing of the imformation
among vehicles.

DEFINITIONS

Time used by the ICA algorithm 1s represented i two
different forms 1n order to retlect that while time 1s continu-
ous, 1t can be discretized for calculation by the microproces-
sor. The symbol k 1s used where discrete time steps are explic-
itly required, and the symbol t 1s used 1n more theoretical
examples where a continuous variable 1s appropriate. As
such, Equation 1 can be used for time calculations:

=kAT+i,

£=0,1,2,3, (1)

where AT 1s a predefined time step, for example 100 milli-
seconds, and t, 1s an initial time where calculations, data
retrieval, etc. are 1nitiated.

Since the ICA system operates with at least two vehicles,
one vehicle 1s considered to be local (L) while the other
vehicles are considered to be remote (R).

The ICA system incorporates a longitudinal displacement
along a predefined path, for example a road lane, to represent
a vehicle position. It 1s appreciated that such a representation
of vehicle position 1s a simplification of traditional collision
detection which typically uses universal transverse Mercator
(UTM) coordinates. The longitudinal displacement (r) of a
vehicle 1 1s equated to r, where 1 1s a subset of L, R. The
speed (s) and acceleration (a) are also defined along the pre-
defined path with s, designating the longitudinal speed of
vehicle 1 and a; designating the longitudinal acceleration of
vehicle 1. Again, 11s a subset of L, R.

A vehicle can have a current torque value where a negative
torque 1s for braking and a positive torque 1s for acceleration.
Each vehicle can have arange of allowable torque represented
by a maximum and mimimum torque value. The symbol T,
represents a current torque value of vehicle1, T, . represents
a minimum torque value of vehicle1, and T rlepresents a
maximum torque value of vehicle 1. Similarly: the vehicles
have a mimimum and maximum allowable speed with a mini-
mum speed value set to be greater than zero and a maximum
speed value set such that the speed of the vehicle 1s not
uncomiortable and/or unsafe for the driver. The symbols_ .
represents the minimum longitudinal speed of vehicle 1, and
s represents the maximum longitudinal speed of vehicle 1.

Régarding a collision zone, FIG. 1 1llustrates an 1ntersec-
tion scenario where the ICA system can be applied. The
collision zone, also known as the bad set B, can be repre-
sented by two longitudinal displacement intervals, one for
each vehicle, where a collision will occur 1t both vehicles are
within their interval at the same time. As such, there 1s a

collision if and only 11 at least two vehicles are in the bad set

10

15

20

25

30

35

40

45

50

55

60

65

6

B simultaneously. The bad set can be defined for each vehicle
by two longitudinal displacement values, L.” and H.°, where
L ° represents a lower bound of displacement and H.” repre-
sents an upper bound of displacement for vehicle, 1.

FIG. 2 provides a graphical representation of the lower
bound and upper bound for each vehicle with 1 being a subset
of L, R. As shown 1n FIG. 2, the bad set can be represented as
a rectangle. It 1s appreciated that the rectangle shown 1n FIG

2 1s not an over approximation of the bad set and the speed of
both vehicles 1s assumed to be constant with the axis for the
local vehicle and the remote vehicle representing displace-
ment.

The series of rectangles propagating back towards the ori1-
gin of the graph represents back-propagation steps from the
bad set as a function of time. The capture set1s the union of the
back-propagation rectangles and the bad set. As stated earlier,
the capture set represents all system configurations from
which at least two vehicles are guaranteed to enter the bad set
B regardless of control action taken.

For example, consider a vehicle traveling at a speed v along
a straight line toward a wall. Assuming x to be a distance of
the vehicle along the straight line from the wall, and assuming
that the vehicle can brake, given any pair of distance and
speed (X, v) and a maximum feasible braking, 11 x 1s too small
and v 1s too high, then even with maximum allowed braking
the vehicle will be unable to avoid a crash with the wall. As
such, the set of all such pairs of distance and speed for which
no control mput exists that will avoid a crash with the wall 1s
a capture set C for such a simple example and the role of the
ICA system 1s to keep the vehicle out of the capture set and
thereby avoid a crash of the vehicle with the wall by braking
the vehicle before it 1s too late.

Referring back to the intersection of FI1G. 1, the bad set can
be represented as shown 1n Equation 2, and the capture state
can be stated to be all states that lead to B.

b= Ly, Hp % [Lgfg] (2)

In addition, a collision occurs 1f there 1s a time for which both
vehicles are within the bounds of their respective bad sets,
represented mathematically as shown 1n Equation 3.

de:r: (He[L;,H; | and rp(t)e[Lg Hp] (3)

It 1s appreciated that Equation 3 can be summarized by Equa-
tion 4 with the combined vehicle states r(t) being within the
overall bad set B.

dz:7(0)eB (4)

Algorithm

The ICA algorithm can perform four general steps: (1)
state estimation; (2) back propagation; (3) collision detection;
and (4) control. Avoiding or preventing a collision can be
summarized as avoiding the capture set C. If a vehicle avoids
the capture set, 1t will not enter the bad set B and thus avoid a
collision.

-

T'he algorithm can be applied to systems defined by:

S=(:Us0:fh) (5)

where y equals the states, (U, =) equals the mputs, (O, =)
equals the outputs, I(x, u) equals a piecewise continuous
vector field, and h equals an output map. In addition, Equa-
tions 6-14 must hold and 1(x, u) must be at least piecewise
continuous.
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xX=f(x,u) (6)
X = fi(x, u) (7)
X = f(x,u) (3)

(2)

A1
X
X

xeR uel (10)

0 < filx, u) (11)
fl:R*"xU=R" (12)
(U, <) (13)

(1) < (1) = Uy < ity (14)

In addition, Equations 15 and 16 must be true.

uy<u> = flx,u) )=<flx,u5) (15)

X=X, = flx,,t)=f1x5, 1) (16)

Represented graphically, FIG. 3 illustrates a system that 1s
partially ordered 1n that 1f two states start 1n one order, and the
same 1nput 1s applied to each state, the two states will remain
in that order. In addition, FIG. 4 illustrates a system that 1s
order preserving in that if two states begin as equal and
different mnputs are applied to each state, the two states will
end up ordered the same as their inputs.

The ICA system uses a vehicle model to determine one or
more states that will lead the vehicle to be within the capture
set, as well as to estimate the vehicle state 1n a subsequent
step. A generic vehicle model can be a function of two param-
cters: one parameter specialized or oriented towards speed (z)
and one oriented towards acceleration (w). The generic model
considers three arguments: (1) AT; (2) maximum speed of the
vehicle; and (3) mimimum speed of the vehicle. It 1s appreci-
ated that the generic model requires the vehicle speed to
increase according to the acceleration, unless the vehicle 1s
outside a valid speed range. Expressed mathematically, Equa-
tion 17 provides a relationship for the generic model with an
additional term added to the function F to add uncertainty to
the algorithm.

r M>z>m (17)

7+ Wd if any of z=<=m and w> 0
Flz, w, D, m, M) .=+
z2 M and w< (0

| Z otherwise

A specialized vehicle model as shown 1n the expressions
below consists of two parameters: a torque to acceleration
factor (mg,.) and a torque to acceleration offset (m,,) are
used. It 1s appreciated that a more complicated vehicle model
can be used with only a linear increase in computational
complexity with the number of vaniables. The longitudinal
displacement (r;), speed (s,), and acceleration (a,) are defined
tor the local vehicle and a remote vehicle. The local vehicle
and the remote vehicle can use the same model with the
possibility of different vehicle model parameters.
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r{k+1)=r,(k)+s;,(AT (1%)

s{k+1)=F(s(k),alk);ALs,,. s )

1 mz'nl-? PR

(19)

aky=mg, (k) +m (20)

where: tTmin=<t=<t,  =>a_. =<a=<a___andiel, R

It 1s apprelciated that there are two distinct classes of con-
tlict detection and resolution methods—forward methods and
backward methods. Forward methods predict a conflict in the
future by propagating forward the current system state and
checking where the system leads to contlict. In contrast, back-
ward methods compute online a set of all system configura-
tions that will lead to a conflict. As such, backward-propaga-
tion methods require a predetermined set of states that are
collisions, for example the bad set. It 1s appreciated that an
advantage of backward propagation methods 1s that such
methods can provide control algorithms for contlict resolu-
tion that are mathematically guaranteed to be “safe”.

A recursive method S/” is defined for calculating a current
speed based on a speed at a previous time step and a current
acceleration (see Equations 21 and 22) and 1s used 1n back-

propagation to determine a distance the vehicle travels 1n one
time step.

th(ji:ﬂi):*gi (21)

S (s,a)=F (S (s, a;),a5ATs

2

s ), Vhel,2,

PRax;

(22)

PRI 7

The recursive method uses the following expressions with
two methods defined for calculating a lower and upper bound
of possible vehicle state sets at a previous time step. The first
method 1s represented by Equations 23-26 and the second
method represented by Equations 27-32. In particular, for
each value of h a new {frame 1n the set 1s calculated,

L) =1 (23)
-1 (24)
L(si, a) = Li — 255(55, a)AT,Vhel, 2, ...
=0
H’ = H, (25)
Azl (26)
H''(s;, a;) = H; — Zsf(sf, a)AT,Vhel, 2, ...
j=0
L =1 (27)
Li(si, a) = L sy, ) = ST (si, apAT (28)
(L, ST = fat s (29)
St = F(SI2, a) (30)
L=l _SlAT (31)
LASi(K)) = LY (Sik + 1) — Si(hAT (32)

It 1s appreciated that for each step of calculating a bound, a
previous bound as well as a previous bound recalculated with
a current speed are required.

Next, a method C  can be defined to calculate a capture set
for a pair of vehicle states. Starting at the bad set (that 1s
L =L, andH~=H,"), the method C  creates sets that ultimately
form the capture set. Mathematically, the method C_ can be
expressed by Equation 33 below.
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Ce(re, Sp, ag, ¥R, SR, QR) := (33)

((xr, xp) € xy:Ah=0: Li(sp, ar) <xp < Hi (s, ar) and
Li(sg, ag) < xg < Hp(sg, ag) and

HE(SL, a;) < xy; and

2
Hp(Sp, ag) = Xp

The method C_ can be applied twice 1 order to create a
capture set for the local vehicle (C, ) and a capture set for the
remote vehicle (C,). The two sets C, and C; cover two pos-
sible control scenarios with C, being the capture set 1f the
local vehicle applies a maximum torque and the remote
vehicle applies a minimum torque. The set C, 1s the opposite
case, 1.e. the local vehicle applies a minimum torque and the
remote vehicle applies a maximum torque. Equations 34 and
35 provide expressions for the two capture sets as a function
of the position, speed, and acceleration of the local vehicle
and the remote vehicle:

Cr=Colrp ) S L(R) i T RUE) S RUE) s i ) (34)

CR :Ca(FL(k):SL (k) ?aminﬂ YR (k):SR(k) :amm:R) (3 5)

with the 1ntersection of the two sets C; and C, defining the
final capture set C.

C=C;NCx (36)

FIG. 5 illustrates a graphical representation of the final cap-
ture set C as an 1ntersection of the two sets C, and C, and the
final capture set C includes all states where the local vehicle
and the remote vehicle are guaranteed to enter the bad set B.

Regarding collision detection, the ICA algorithm checks
and/or determines 1f current vehicle states are in the final
capture set C. Starting at the known bad set B and working
backward, the ICA algorithm 1iterates over all predefined
times for the final capture set C and checks to determine 1f a
vehicle state at that time 1s within the boundaries of the set.
Mathematically, the algorithm incorporates Equation 37
shown below.

r(k)=(r(k),rg(k))eC
with
r,<H," and rp=H "

r;>L:" and ra>L 5" (37)

It 1s appreciated that since a current vehicle state member-
ship 1n the final capture set C 1s an exit condition for the
back-propagation steps/calculations, the check or analysis for
if a vehicle state 1s within the boundaries of the capture set can
already be completed by the back-propagation procedure.
Stated differently, the back propagation stops or exits either 11
the current vehicle state 1s 1n the last generated frame or 1f the
last generated frame 1s past the current vehicle state.

If the state of the vehicle 1s mnside the frame for both C; and
C,, 1t 1s known that the vehicle states are within the final
capture set C. In addition, this check/analysis can be per-
formed twice, once for the capture set of the current vehicle
state and once for the capture set of the next predicted vehicle
state. The results of both checks can be used to determine a
necessary control action, and combined with a current state,
provide information as to whether or not a vehicle 1s
approaching a collision scenario or 1s resolving a collision
scenario.
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10

A vehicle 1s considered to be at a boundary of the final
capture set when the current state of the vehicle 1s outside the
capture set and the next state of the vehicle 1s iside the
capture set. In such an 1nstance, 1f no control 1s actuated, the
vehicle will enter the capture set in the next iteration. As such,
the ICA system allows for a non-conservative control
response 1n that the vehicle 1s controlled only when absolutely
necessary. Stated differently, 11 the current state of the vehicle
1s not 1n the capture set and the next state predicts the vehicle
will not be 1n the captures set, then the ICA system does not
actuate control of the vehicle.

In the alternative, the vehicle can be considered to be at the
boundary of the final captures set when the next ‘N’ states of
the vehicle are predicted to be outside the capture set. In such
an alternative, it 1s appreciated that 11 the vehicle 1s predicted
to be inside the capture set within the next N states, then
control 1s actuated. It 1s further appreciated that N can be an
integer, for example and for illustrative purposes only, an
integer equal to or less than 3, equal to or less than 5, or equal
to or less than 10. It 1s still further appreciated that the pre-
diction of the next N states of the vehicle can afford for a
robust ICA system with respect to wireless communication
delays.

A controller atfords for one or more of the vehicles to
accelerate or brake 1n order to avoid a collision. The controller
also preserves liveliness ol the system by observing minimum
speeds for each vehicle. In the event that a current vehicle
state and a next vehicle state lie outside of the capture set, then
any control mput 1s allowed. In the alternative, 1f a current
vehicle state lies outside of the capture set but the next vehicle
state 1s within the capture set, the relationship between the
current position and the capture set can be used to determine

which vehicle should accelerate and which vehicle should

brake.

Five cases handled by the control algorithm are illustrated
in Table 1 and FIG. 6. The torques defined for control output
are wheel torque and as such may be accomplished either by

brake torque or engine torque. In addition, any control can be

acceptable as long as the control 1s measurable, controllable,

and order preserving with the torque. Case 1 illustrates a
scenario where braking 1s applied to the local vehicle and
acceleration applied to the remote vehicle. Case 2 illustrates
where acceleration 1s applied to the local vehicle and braking

1s applied to the remote vehicle.

Regarding Case 3, the algorithm affords for the vehicle
with a lower identification (ID) to brake while the vehicle
with a higher 1identification ID to accelerate. It 1s appreciated
that the ICA system can afford for confirmation via wireless
communication that each vehicle will take opposite control
actions, ¢.g. one vehicle will brake while another vehicle will

accelerate, before control 1s actuated. In this manner, the ICA
system can be robust to sensor uncertainties.

For Case 4 both the local vehicle and the remote vehicle are
within the capture set and thus no control can be made to
prevent the vehicles from entering the bad set B. As such, no
control of the vehicle 1s asserted by the ICA system but a
strong warning 1s provided to the drivers. Finally, for Case 3,
neither vehicle 1s within the bad set and as such control 1s not
necessary.
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TABLE 1
The ICA control algorithm.
Next State Current State Control
rk+1)eC; rk+1)eCp 1(k)eC; rk)eCp 173 Tp Case

4*%T 4*T True False T, il T, R 1
False True T, ol T, .. R 2

False False  ifID; =IDg,7T,,.; WHID; <IDgp, 7T, .5 3

True True no control; strong warning 4

else do nothing 5

It 1s appreciated that a more traditional dynamic model can
be used to determine acceleration of a vehicle rather than the
vehicle model parameters m,,_. and m,_, Such a traditional
model 1s provided by Equation 38 where the wheel torque 1s
simply the product of the engine torque and the ratio of the
current gear for acceleration or the pressure of the brakes
times their effectiveness for de-acceleration:

a=1/mx (v, (V)/r, ~1pC Av?) (38)

where T, 1s wheel torque, m 1s vehicle mass, p 1s the density
of air, C , 1s the drag coetlicient, A 1s the projected front area
of the vehicle, r  1s the radius of the vehicle wheels and v 1s the
vehicle speed. As such, a map of engine torque to wheel
torque can be provided if the current gear and brake pressure
are known. The gear 1s determined by the speed, however
there can be overlap between gears and as such no one-to-one
mapping between velocity and gear can be provided. In such
a case, g(v) can be used to represent the gear at a certain
velocity, b can be used to represent brake pressure, and p can
be used to represent throttle pedal percentage. With such
definitions, Equations 39 and 40 provide expressions for
torque at the wheels of the vehicle. In this manner, the ICA
system can map “maximum torque” and “minimum torque”
to a throttle pedal percentage and a brake pedal percentage.

Tsvheel (V) “Uyheel (1: enginer g7 E?rake) (3 9)

Towh eef(y)zrwheef(rengin e(p) vg(y)?tbrake(b)) (40)

As stated above, two vehicles approaching an intersection
will result 1n a collision 1f both vehicles occupying the colli-
s1on zone of the vehicle at the same time. In order to prevent
such an event from happeming, the ICA system gathers data
for the current state of the local vehicle, converts 1t to longi-
tudinal displacement and speed, and then calculates the next
predicted position using the vehicle model. Thereafter, the
system calculates the capture set for the next predicted posi-
tion which 1s the itersection of the capture sets of the two
vehicles. If the next position 1s within the capture set, the
system generates a capture set for the current position. If the
current position 1s not in the capture set, the system recog-
nizes that one or more of the vehicles 1s or will enter the set 1t
no control 1s provided.

The ICA system also determines 1f the local vehicle 1s
entering the capture set from “below” and if so applies a
maximum torque or if the local vehicle 1s entering the capture
set from “above™ applies a minimum torque. In an alternative,
arbitrary control actuation can be performed by determining
which vehicle should exhibit minimum torque and which
vehicle should exhibit maximum torque 1n order to avoid a
collision. If the current position 1s within the capture set, no
control 1s provided but the driver 1s warned of an 1mminent
collision.

15

20

25

30

35

40

45

50

55

60

65

Preferably, both vehicles have access to the same data from
every iteration performed by the system and identical com-
putation 1s performed by each microprocessor of the vehicles.
However, due to communication delays, the computations
can actually be up to three iterations apart and 1n order for the
vehicles to agree on their control methods, commands are
broadcast and agreed upon before execution.

Turning now to FIG. 7, a schematic representation of
boundaries for a SMART system 1s shown. It 1s appreciated
that the parameters, capabilities and the like of the SMART
system are known to those skilled 1n the art and thus not
discussed 1n detail here. Within the outer rectangle are differ-
ent high-level functionalities or use cases indicated within the
horizontal ovals. External to the rectangle are external actors
that interact with the SMART system via the use cases. For
the purposes of the present invention, the term “use case” 1s
defined as a sequence of actions that provide something of
measurable value to an actor, 1s drawn as a horizontal ellipse
and/or oval, and 1s specified using “upper camel case” and
“lower camel case” following Java-like naming convention.
The term “actors” 1s defined as a person, organization, and/or
external system that plays a role 1n one or more interactions
within the SMART system and can be drawn as stick figures,
but are schematically shown as objects 1n FIGS. 7-10.

The external actors of a driver, a vehicle, surrounding
vehicles, and a roadside infrastructure interact with the use
cases informing the driver (InformDriver) and warning the
driver (WarnDriver), and the like as shown 1n the figure. The
SMART system architecture distributes the responsibility of
implementing the functionalities or use cases among an
Application Layer, a Vehicle Layer, and a Communication
Layer which are indicated by the internal rectangles shown 1n
FIG. 7. It 1s appreciated that the ICA algorithm belongs to the
application layer.

FIG. 8 1llustrates possible system boundaries for the ICA
system. As shown by the external actors, the system 1nteracts
with two types of vehicles, a local vehicle and a remote
vehicle. In some instances, the local vehicle can update its
state 1nformation with vehicle measurements using the
vehicle layer while the local vehicle can be updated with the
remote vehicle state information when 1t 1s recerved via
vehicle-to-vehicle communication through the communica-
tion layer. The driver can detect and respond to collision
scenarios by braking, accelerating, and/or by performing no

action. As stated above for FIG. 7, the driver, local vehicle,
and remote vehicle lie outside the boundaries of the ICA
system.

The ICA system can have a plurality of assumptions and
limitations as shown 1n Table 2 below. It 1s appreciated that
the assumptions and limitations are included as nontunctional
requirements since some may or may not be relaxed or
extended when desired.




Identifier

AS1

AS2

AS3

AS4

ASS

AS6
AST

ASE

AS9

AS10

For example, for the present embodiment, assumption AS1
1s that the ICA system supports no more than two vehicles

simultaneously. This assumption can be relaxed such that

more than two vehicles can be supported by the ICA system

Type

Fundamental

Simplification
Simplification
Simplification
Simplification

Fundamental
Fundamental

Fundamental
Fundamental

Fundamental
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TABL

(Ll
-

Description

ICA supports no more than 2 vehicles simultaneously.

ICA must be running on both vehicles for any functionality. This
can be relaxed with the integration of roadside sensors to detect
vehicles not running the application.

ICA supports T-style intersections of single-lane, one-way streets
only, for simplification.

ICA application supports intersections with one conflict zone and

14

the zone must be known and available to both vehicles.

ICA assumes drivers will not interfere with automatic evasive
maneuvers, although the drivers have that capability.

The lane path of the road must be known and available to ICA.
ICA requires access to vehicle state information (e.g. position,

speed, acceleration, etc).

ICA must be able to actuate the engine and braking control
systems in the vehicle for automatic collision avoidance.

The vehicle model parameters (mass, engine torque, wheel size,
etc) are known and available to ICA.
ICA allows for some measurement error 1n the vehicle state.

20

disclosed herein. Referring now to Table 3, a series of func-
tional requirements that specify what the ICA system “does™
1s shown. In contrast, Table 4 provides a listing of non-func-
tional requirements that specity constraints placed onthe ICA

system.
TABLE 3

Identifier FR1

Description  ICA must check for collisions between a local and remote vehicle and control
both vehicles to avoid imminent collisions.

Rationale The application should not use conservative control, and the control must be
synchronized between the vehicles. Note that if both vehicles are using the same
algorithm on the same inputs, the control will inherently be synchronized.

Identifier FR2

Description  ICA must use only throttle and brake control to avoid collisions.

Rationale The ICA algorithm does not currently support control beyond deceleration and
acceleration, and the current vehicle fleet does not universally support steering
control.

Identifier FR3

Description  The driver must be able to interrupt any automatic collision avoidance
commands by using the throttle or brake. After an interruption, the driver should
not have to fight the application for control.

Rationale This 1s to allow for exceptions in extreme collision scenarios.

Identifier FR5

Description  ICA must receive state information broadcast by surrounding vehicles and store
it.

Rationale Similar to NFR1, the vehicle must always be listening for new surrounding
vehicles.

Identifier FR6

Description  ICA must broadcast the current vehicle state via V-V communication.

Rationale The vehicle may encounter a new vehicle at any time, and the state information
should be provided as soon as possible.

TABLE 4

Identifier NFR1

Description  ICA must broadcast the current vehicle state 10 times per second.

Rationale The vehicle may encounter a new vehicle at any time, and the state information
should be provided as soon as possible. In general, ICA should send the vehicle
state more often than it 1s updated.

Identifier NFR3

Description  ICA must update the local vehicle state 3-5 times per second.

Rationale Similar to NFR1, the state must be updated often enough to adapt to a rapidly
changing vehicle state, a common occurrence at highway speeds.

Identifier NFR4

Description  ICA must not use more than 50% of the CPU while running on a Core 2 Duo
Processor.

Rationale The application must share the computing resources with other applications.

Identifier

NEFRS
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TABLE 4-continued
Identifier NFR1
Description  ICA must exert torque in amounts not greater than a prescribed maximum.
Rationale The collision avoidance control must be within the physical capabilities of the

vehicle, as well as within a comfort zone for the driver. More severe torque can

be applied by the driver.

As stated above, a use case 1s a precise statement of a piece
of system functionality, and a collection of key use cases can
be used to specily requirements on system functionalities. As
such, FIG. 9 provides a schematic representation of the use
cases employed by a vehicle to detect and respond to an
upcoming collision and/or to continue uninterrupted 1f a col-
l1s10n 1s not predicted.

It 1s appreciated that the remote vehicle and local vehicle
actors can be connected with the collision avoidance use
cases through the vehicle layer and the commumnication layer
as 1llustrated 1n FIG. 7. Table 6 provides a list of specifications

10 for the use cases 1llustrated in FIG. 9. As shown 1n this table,
use cases ol no collision avoidance control needed (NoCol-
lisionAvoidanceControlNeeded), collision avoidance of the
local vehicle by acceleration (CollisionAvoidancelL.ocal Vehi-
cleAccelerate), collision avoidance of local vehicle by brak-

collision

avoidance by arbitrary control (CollisionAvoidanceArbi-
traryControl), and collision avoidance of local vehicle by

(CollisionAvoidancel.ocal Ve-

hicleDriverInterrupt) are possible use cases that can be

15

ing  (CollisionAvoidancel.ocal VehicleBrake),

driver interruption

employed by the ICA system.
TABLE 6

Use Case: NoCollisionAvoidanceControlNeeded

ID
Brief
description

Primary
actors
Pre-
conditions
Main flow

UCl1

Two vehicles approach a T-intersection with perpendicular paths and proceed
through sequentially. This will show that the system does not control if there is
no collision detected.

LocalVehicle, RemoteVehicle

1. Vehicles are within V-V communication range of one another.
2. Vehicles are both running ICA.
1. LocalVehicle begins moving forward towards intersection.
2. RemoteVehicle begins moving forward towards intersection from
perpendicular direction, slowing to a stop to allow the LocalVehicle to pass.
3. ICA application gathers vehicle state information and broadcasts its current
and next predicted position wirelessly.
4. Fach vehicle compares the paths with the known conflict set and finds no
collisions.
5. Remote Vehicle continues through intersection after LocalVehicle has
passed.

Use Case: CollisionAvoidancelocalVehicle Accelerate

1D
Brief

description

Primary
Actors
Main flow

ucC2

Two vehicles approach a T-intersection with perpendicular paths and begin to
proceed through simultaneously. The application controls both cars to avoid the
collision. In this case, the local vehicle increases the throttle.

Driver, LocalVehicle, RemoteVehicle

1. LocalVehicle begins moving forward towards intersection.
2. RemoteVehicle begins moving forward towards intersection from

perpendicular direction, such that a collision would occur.

3. ICA application gathers vehicle state information and broadcasts its current
and next predicted position wirelessly.

4. Each vehicle compares the paths with the known conflict set and finds an
immuinent collision.

5. Both cars are controlled (via throttle or brake) to avoid the collision and the
drivers are notified. The local vehicle increases the throttle.

Use Case: CollisionAvoidancel.ocalVehicleBrake

ID
Brief
description

Primary
Actors
Pre-
conditions
Main flow

UC3

Two vehicles approach a T-intersection with perpendicular paths and begin to
proceed through simultaneously. The application controls both cars to avoid the
collision. In this case, the local vehicle applies the brakes.

Driver, LocalVehicle, RemoteVehicle

1. Vehicles are within V-V communication range of one another.

2. Vehicles are both running ICA.

1. LocalVehicle begins moving forward towards intersection.

2. RemoteVehicle begins moving forward towards intersection from
perpendicular direction, such that a collision would occur.

3. ICA application gathers vehicle state information and broadcasts its current
and next predicted position wirelessly.

4. Each vehicle compares the paths with the known conflict set and finds an
immuinent collision.
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TABLE 6-continued

5. Both cars are controlled (via throttle or brake) to avoid the collision and the

drivers are notified. The local vehicle applies the brakes.
Use Case: CollisionAvoidance ArbitraryControl

18

ID UcC4

Brief Two vehicles approach a T-intersection with perpendicular paths and begin to

description  proceed through simultaneously. The application controls both cars to avoid the
collision. In this case, the positions of the vehicle do not dictate specific control
actions, so the application makes an arbitrary control choice that results in both
cars performing opposite actions (i.e. which car accelerates, which car brakes).

Primary Driver, Local Vehicle, RemoteVehicle

Actors

Pre- 1. Vehicles are within V-V communication range of one another.

conditions 2. Vehicles are both running ICA.

Main flow 1. LocalVehicle begins moving forward towards intersection.
2. RemoteVehicle begins moving forward towards intersection from
perpendicular direction, such that a collision would occur.
3. ICA application gathers vehicle state information and broadcasts its current
and next predicted position wirelessly.
4. FEach vehicle compares the paths with the known conflict set and finds an
imminent collision.
5. The positions of the cars do not dictate a specific control action - any
control will do, as long as the vehicles perform opposite actions. The local
vehicle decides to increase the throttle arbitrarily, and the remote vehicle
decides to brake using the same logic.

Use Case: CollisionAvoidancelocal VehicleDriverInterrupt

1D UCs

Brief Two vehicles approach a T-intersection with perpendicular paths and begin to

description  proceed through simultaneously. The application controls both cars to avoid the
collision. In this case, the local vehicle increases the throttle. A driver interrupts
the throttle command with a severe braking maneuver to bring the vehicle to a
stop.

Primary Driver, LocalVehicle, RemoteVehicle

Actors

Pre- 1. Vehicles are within V-V communication range of one another.

conditions 2. Vehicles are both running ICA.

Main flow 1. LocalVehicle begins moving forward towards intersection.

2. RemoteVehicle begins moving forward towards intersection from
perpendicular direction, such that a collision would occur.

3. ICA application gathers vehicle state information and broadcasts its current
and next predicted position wirelessly.

4. Each vehicle compares the paths with the known conflict set and finds an
immuinent collision.

5. Both cars are controlled (via throttle or brake) to avoid the collision and the
drivers are notified. The local vehicle increases the throttle.

6. The LocalVehicle driver reacts differently and applies the brakes to bring
the vehicle to a stop. The throttle control 1s overridden, and the driver
notification continues until the collision 1s no longer predicted.

Referring to FIG. 10, boundaries for vehicle-to-vehicle
communication are shown with use cases of receive remote
data, send local data, missing local measurement data when
predicting, missing local measurement data when sending,
missing remote data, and expired remote data being
employed by the local vehicle and the remote vehicle actors to

45

access the vehicle state, broadcast the vehicle state via the
vehicle-to-vehicle communication and to gather information
from surrounding vehicles. Both the local vehicle and the
remote vehicle can be robust to missing or incomplete data
from vehicle measurements or remote vehicles. Table 7 pro-
vides a list of the use cases shown 1n FIG. 10.

TABLE 7

Use Case: ReceiveRemoteData

1D ucCeo

Brief A vehicle receives vehicle state information broadcast from another vehicle

description  via V-V communication. The state information is stored for future collision
detection.

Primary RemoteVehicle

actors

Pre- 1. Vehicles are within V-V communication range of one another.

conditions 2. Vehicles are both running ICA.

Main flow 1. RemoteVehicle begins listening for vehicle state information broadcast

wirelessly.

2. RemoteVehicle receives a message from a remote vehicle and parses the

state information.
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TABLE 7-continued

3. RemoteVehicle stores the remote vehicle state, associating the data with a

unique vehicle ID.
Use Case: SendlLocalData

ID ucC7
Brief A vehicle gathers vehicle state measurements through physical sensors and
description  broadcasts the data to the surrounding vehicles.
Primary LocalVehicle
actors
Pre- 1. Vehicles are within V-V communication range of one another.
conditions 2. Vehicles are both running ICA application.
Main flow 1. LocalVehicle creates vehicle measurements and updates their values from
the physics sensors.
2. LocalVehicle converts the UTM, heading and speed measurements to
longitudinal displacement and speed along a path. It also predicts a “next
step” location along the path.
3. LocalVehicle packages the measurements into a data element for the
application.
4. LocalVehicle broadcasts the data element via V-V communication.
Use Case: Missingl.ocalMeasurementDataWhenPredicting
1D UCR
Brief A vehicle attempts to gather vehicle state measurements through physical
description  sensors 1n preparation for detecting future collisions, but the measurements are
unavailable. No data 1s sent.
Primary LocalVehicle
actors
Pre- 1. Vehicles are within V-V communication range of one another.
conditions 2. Vehicles are both running ICA.
3. One or more vehicle sensors are unavailable.
Main flow 1. LocalVehicle creates vehicle measurements and attempts to update their
values from the physics sensors.
2. One or more sensors return no data.
3. Measurements are not stored and no collision avoidance can be done.
LocalVehicle attempts to read the measurements again during the next
application cycle.
Use Case: Missingl.ocalMeasurementDataWhenSending
1D ucCo
Brief A vehicle attempts to gather vehicle state measurements through physical
description  sensors 1n preparation for broadcasting them to surrounding vehicles, but the
measurements are unavailable. No data 1s sent.
Primary LocalVehicle
actors
Pre- 4. Vehicles are within V-V communication range of one another.
conditions 5. Vehicles are both running ICA.
6. One or more vehicle sensors are unavailable.
Main flow 4. LocalVehicle creates vehicle measurements and attempts to update their
values from the physics sensors.
5. One or more sensors return no data.
6. Measurements are not stored or broadcast. LocalVehicle attempts to read
the measurements again during the next application cycle.
Use Case: MissingRemoteData
ID UCI10
Brief ICA attempts to compare the local vehicle and remote vehicle paths to look for
description  future collisions, but the remote vehicle state was never received. No
collisions are predicted.
Primary LocalVehicle, RemoteVehicle
actors
Pre- 1. Vehicles are within V-V communication range of one another.
conditions 2. Vehicles are both running ICA.
3. Remote vehicle data was not received.
Main flow 1. RemoteVehicle begins listening for vehicle state information broadcast
wirelessly.
2. Before any remote vehicle state is received, the application attempts to
perform collision detection.
3. RemoteVehicle provides no data to the application, and the collision
detection is aborted until the next application cycle.
Use Case: ExpiredRemoteData
ID UCl11
Brief ICA attempts to compare the local vehicle and remote vehicle paths to look for
description  future collisions, but the remote vehicle state 1s either too old or was never
received. No collisions are predicted.
Primary LocalVehicle, RemoteVehicle

actors

20
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Pre- 1. Vehicles are within V-V communication range of one another.
conditions 2. Vehicles are both running ICA.

3. Remote vehicle data 1s expired.
Main flow 1. RemoteVehicle begins listening for vehicle state information broadcast

wirelessly.

2. Before any remote vehicle state is received, the application attempts to

perform collision detection.

3. RemoteVehicle provides no data to the application, and the collision

detection is aborted until the next application cycle.

Table 8 provides a requirement traceability matrix used to
check consistency of the requirement specification. If the
specification of the requirements and the use cases are prop-

For example, the algorithm can mstruct the controller to
execute a torque value on the vehicle. If the torque value 1s
positive, acceleration 1s required, whereas 1f the torque value

erly performed, there 1s at least one use case per functional > s negative braking 1s required. In the event that the ICA
requirement and vice versa. Stated differently, the functional system determines that both the local vehicle and at least one
requirements can be traced back from the use cases. other remote vehicle are within the capture set, then any
TABLE 8
Requirement
Traceability Use Cases
Matrix uClt UC2 UC3 UC4 UC UCe UCT7 UCR UCY UCI0 UCII
Requirements  FR1 . . . . . . . . . . .
FR? _ . . . . _ _ _ _ _ -
FR3 S
FR4 _ . . . . _ _ _ _ _ -
NFR1 NA NA NA NA NA NA NA NA NA NA NA
NFR2 NA NA NA NA NA NA NA NA NA NA NA
NFR3 NA NA NA NA NA NA NA NA NA NA NA
NFR4 NA NA NA NA NA NA NA NA NA NA NA
NFR5 NA NA NA NA NA NA NA NA NA NA NA
The Application Layer, Vehicle Layer and Communication control will be 1nsuificient to prevent both vehicles from
Layer with the various use cases afford for the ICA systemto >° entering the collision zone and a severe collision warning can
detect upcoming collisions between at least two vehicles be provided to the drivers of the vehicles.
approaching an intersection and control one or more of the The ICA system with the algorithm can also collect and
vehicles to take evasive action 1n order to avoid the collision. prepare data to be transmitted to a remote vehicle using
For example, the microprocessor with the algorithm can load, A0 vehicle-to-vehicle wireless communication. The data can be
or already have, data and/or information such as model sent at a frequency defined by the ICA system, for example
parameters for the local vehicle, engine torque limits for the every 100 milliseconds. It 1s appreciated that the data can
local vehicle and the like, and such information can be include the vehicle state information for the local vehicle and
updated through the vehicle layer. Vehicle measurements can once 1t has been transmitted and/or sent, such vehicle state
be retrieved for a given time and then updated at predeter- 45 information can be updated and transmitted again. In this
mined time 1intervals. IT any measurement 1s unable to be read, manner, the latest vehicle state information for the local
the algorithm can set such a value as unusable and 1immed:- vehicle 1s transmitted out to remote vehicles.
ately return for an update. It 1s appreciated that the remote vehicles can do the same,
Using the engine torque limits, longitudinal displacement 1.€. send its vehicle state information to the local vehicle. The
and speed, a vehicle path can be calculated for a current time 50 ICA system can afford for recerving of remote data and use
and predicted for a future time. The algorithm can store the the remote data to update the construction and/or calculation
displacement and speed data, and then imitiate a collision of the capture set. In some 1nstances, the ICA system interacts
detection calculation. with the vehicle layer using the ICA local vehicle class. This
The collision detection calculation can include the calcu- class creates standard vehicle measurements to keep track of
lation or construction of a capture set for current vehicle states 55 the vehicle state, can be the exclusive link to the communi-
and a capture set for predicted vehicle states. In addition, a cation layer, and can collect and store remote vehicle state
collision zone of the intersection can be loaded and/or already information collected via vehicle-to-vehicle communication.
stored within the microprocessor and whether or not the An ICA application class can be a central coordination
vehicle 1s within its capture set can be determined. If the point for all of the applications’ functions. The ICA applica-
vehicle 1s determined not to be within the capture set for its 60 tion class can manage updating and sending of local vehicle
current vehicle states, whether or not the vehicle will enter the state information and can determine how oiten the ICA algo-
capture set for the next predicted state 1s determined. If the rithm should be executed. For example, the ICA application
vehicle 1s predicted to be within the capture set for the next class can revolve around an application thread that repeats a
predicted state, then the algorithm determines whether the primary loop every 100 milliseconds. In some instances, the
vehicle should brake, accelerate, or do nothing 1n order to 65 local vehicle state information can be updated twice per pri-

avold a collision with a remote vehicle traveling towards the
intersection.

mary loop, once when executing the ICA algorithm, and once
before broadcasting the vehicle state information over the
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communication layer. In this manner, the most up to date
possible vehicle data can be used 1n every calculation.

ICA application classes related to gathering and manipu-
lating of vehicle states can include an ICA vehicle abstract
class, an ICA local vehicle class, an ICA remote vehicle class,
and/or ICA remote vehicles class. The ICA vehicle abstract
class can gather common functionality of the local and remote
vehicles that run the ICA system and an ICA vehicle use case
can be constructed from local vehicle measurements or from
data recerved via vehicle-to-vehicle communication. The
ICA algorithm can then access the vehicle state information
of the two vehicles of interest exclusively by public methods
of the ICA vehicle abstract class. It1s appreciated that the ICA
vehicle abstract class may or may not expose the source of the
vehicle state information, such information being irrelevant

when detecting collisions.

Examples of use cases within the ICA vehicle abstract class
can include: getting engine torque limits; getting vehicle
model parameters; getting an ID of each vehicle; getting the
prescribed path of the vehicle; getting the current longitudinal
displacement along the prescribed path; getting the longitu-
dinal speed along the prescribed path; getting the predicted
displacement of the vehicle on the prescribed path for a pre-
determined time period in the future; getting the predicted
speed for the vehicle on the prescribed path for a predeter-
mined time period in the future; updating the longitudinal
displacement, speed, etc. for the vehicle; and determining 1f
the last update of data was successiul or not.

The ICA local vehicle class can determine the current
vehicle state by creating and querying vehicle measurements.
In addition, this class can manage the sending out of local
vehicle data via the communication layer.

The ICA remote vehicle class can receive information from
one or more remote vehicles and afford for the use of this data
by the ICA algorithm.

The ICA algorithm can also have a number of classes,
illustratively including an escape controller class, a capture
set slice class, and the like. The escape controller class can run
or execute the ICA algorithm on one or more vehicles in order
to detect future collisions as discussed above, and 11 neces-
sary, afford for control of the vehicles 1n order to avoid a
collision. A use case within the escape controller class can
obtain updated state information for both the local and remote
vehicles, and a use case of calculation control can calculate
and return the amount of torque needed to avoid a collision.

The capture set slice class can generate the capture set for
two or more vehicles and a final capture set 1in order to deter-
mine if the current vehicle state 1s on a course for collision. It
1s appreciated that the capture set slice class can implement
the ICA algorithm. The capture set slice class can also use the
collision zone to determine 1f the local and remote vehicles
are headed for a collision, the collision zone stored 1n a
configuration file on both vehicles.

In some instances, 1f not all, the collision zone should
match for both vehicles. In addition, the collision zone can be
received via roadside infrastructure with or without a sanity
check being performed 1n order to make sure both vehicles are
operating with the same collision zone.

In another embodiment of the present invention, assump-
tions for the above disclosed embodiment(s) are relaxed and
a more versatile system 1s provided. In particular, the follow-
ing assumptions are not assumed to be accurate:

1. The vector field 1(x, u) 1s known exactly;

2. The current state ¢(t, x, u) 1s available on-board both
vehicles, thereby mmplying control 1s always evaluated
symmetrically;
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3. Communication between both vehicles 1s non-interrupted
and immediate; and

4. Both vehicles run the ICA system and can communicate
with each other to cooperate in avoiding a collision.

These assumptions, or the lack thereol, are handled with
the use of a disturbance model where the system definition
tuple is given by 2={X, U, A, f} where the set defines the
admissible disturbance inputs and S(A) defines a set of admis-
sible disturbance signals. In addition, the vector field 1s
extended to accept a disturbance mput given by I-XxUx
A—X, which allows a disturbance to aftect the evolution of
the two vehicle system. The flow of the system, 1.e. of the two
vehicles, 1s also modified to include a disturbance input, given
by @: R, xXxS(U)xS(A)-X, which hereatter 1s denoted as ¢(t,
X, U, 0) for the time teR _, initial condition of xeX, an input
signal of ueS(U) and a disturbance signal of 0eS(A).

In addition to the above, the recursive method S,” is rede-
fined for calculating a current speed based on a speed at a
previous time step and a current acceleration (see Equations
41 and 42) and 1s used to 1n back propagation to determine a
distance the vehicle travels 1n one time step.

S7(s,u;)=s; (41)

S, u0)=F(S (s, u,0)u,0,ATs, . s ) Vhel,2,

PRGN

(42)

FRir 3

In addition, the recursive method uses the following
expressions with two methods defined for calculating a lower
and upper bound of possible vehicle state sets at a previous
time step. The first method 1s represented by Equations 43-46
and the second method represented by Equations 47-52. In
particular, for each value of h a new frame in the set 1s
calculated.

L} =1, (43)
el (44)
Li(s;, 1) = L; — Zsf(Sfa u, Og)AT, VY hel, 2, ...
=0
H? = H; (45)
-1 (46)
H}(s;, u;) = H; — Zsf(Sfa u, Og)AT, VY hel, 2, ...
=0
=1 (47)
Li(s;, w;) = L (si, ) = ST (810w, Sy )AT (43)
(Lh, StYy = it si2y (49)
St = F(ST7%, uy, Op) (50)
L= - SIAT 61
LI(Si(k)) = L1 (Si(k + 1) = S;(WAT (52)

It 1s appreciated that for each step of calculating a bound, a
previous bound as well as a previous bound recalculated with
a current speed are required.

(iven the presence of one or more disturbances, the cap-
ture set can be defined as the largest set such that given any
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input signal, there exists a disturbance signal and time such
that the tlow of the system enters the bad set B. This can be
mathematically defined by:

C:={xeX|VueS(U),AdeS(A), and JreR, such that

$(z,x,,0)eB } (53)

It1s appreciated that the inclusion of one or more disturbances
alfords for the ability to treat a non-communicating vehicle,
system 1dentification errors, communication delays, and the
like.

The embodiments disclosed above also assumed that the
vector field 1(x, u) was known within the computation of
restricted capture sets. However, 1n some instances 1t can be
desired to model the system as a nonlinear hybrid system
composed of cascaded delay differential equations that can
account for actuator delays and partial differential equations
from combustion, timed discrete event systems that account
for the use of a computer system, hybrid automata that
accounts for transmission delays, and a parameter varying
nonlinear mechanical system that accounts for vehicle
dynamics. Such uncertainties can be extremely complex 1f
not impossible to model, however the inventive ICA system
disclosed herein accounts for such uncertainties by introduc-
ing disturbance 1puts nto the system.

Not being bound by theory, the ICA system can be cor-
rectly or adequately modeled with the consideration of the
dynamics under the control of input signals u, and u,, since
the capture set can be computed as the intersection of two
restricted capture sets under or within these mputs (e.g. see
Equation 43). Furthermore, the inventive ICA system atfords
for a model that can be experimentally computed and loaded
into vehicle configuration files within the processing unait.

Given a fixed input ueU, the order preserving properties of
the ICA system allow modeling of the dynamics within the
differential inclusion and taking into account disturbances as:

Ax, E) EJ_{(XQ) =[x u, 07 ).flx5 :E:E’H)]

where X, denotes velocity. It 1s appreciated that the dynamics
f(x,u, 0, ) and f(x, u, 8, ) can be experimentally determined by
taking or determining a set of data trials from various 1nitial
conditions and taking a worst case performance. For example
and for 1llustrative purposes only, FIG. 12 provides a graphi-
cal representation 1n which the solid horizontal lines depict a
vehicle’s slowest acceleration as a function of velocity for a
given mmput u, and FIG. 13 provides a graphical representa-
tion 1 which the solid line depicts the vehicle’s slowest
de-acceleration as a function of velocity for a given input u, .
By virtue of the order preserving properties of the vector field
with respect to disturbance mput and state, the upper and
lower bounds of the bad set B can be integrated backwards
under the upper and lower bounds of the differential inclusion
f(x,), using a slightly modified linear complexity algorithm to
construct the capture set slice (42). Under (43), this capture
set slice can be used to construct a capture set under or using
the presence of disturbances. Thereafter, control can be
applied 1n the same manner as the ICA system disclosed
above.

Regarding the assumption that the current state 1s always
known on-board for both vehicles, 1t 1s appreciated that com-
munication between both vehicles and/or communication
between a given vehicle and a roadside structure can intro-
duce delays and the construction of the state xeX will be made
using old information/data. However, the inventive ICA sys-
tem 1ncorporates this state uncertainty by assuming the cur-
rent state is inside the interval set X(t) © X, hereafter referred
to as the current state uncertainty. As such, the model has ¢(t,

X, u, 0)ex(t) for all teR _.

(56)
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With the above current state uncertainty accounted for, the
dynamic control problem, 1.e. the imperfect state, rather than
a static control problem, 1.e. perfect information, can be
solved. In particular, a separation principle exists with respect
to estimation and control and thus a control problem can be
independent from an estimation problem. Thus, and similar to
a case where perfect information 1s assumed, a satety control
1s 1dentified and based on a capture set defined over all sets of
initial conditions and the capture set C 1s defined as a set of
sets of mitial conditions A =X such that given any input
applied to the system, there exists an initial condition xeA,
disturbance 0eS(A) and a time teR_, such that flow of the
system enters the bad set B. Mathematically this 1s defined or
grven as:

C:={4 c XIVueS(U),Axe4,3deS(A), and JteR, such

that ¢(z,x,u,0)eB} (57)

which affords computation by back propagating the bad set B
with input fixed under the differential inclusion generated by
the set of disturbances. Stated differently, a restricted capture
set for a fixed input can be computed by:

C-:={4  X|3xe4,AdeS(A), and JzeR, such that ¢(z.x,

1,8)eB) (58)
and the capture set can be determined as:
C:={A < XIC,,N4=¢ and C,, NA=¢} (59)

(Given the order preserving properties of the system dynamics
with respect to mput and disturbance, further atfords for the
construction of a linear complexity algorithm with respect to
the state of the system in order to compute each restricted
capture set C-. As such, a control map can be a set-valued map
G:P(X)=U that accepts sets of arguments rather than only a
given state. Furthermore, the control chosen can be the least
restrictive and thereby guarantee a safety specification 1s met.
In fact, a safety specification can be interpreted 1in terms of an
escape set W < P(X), which is defined as a set of sets of initial
conditions such that satety can be maintained with respect to
the bad set B. Mathematically this can be given as:

ACTT=> ¢(1,4, 1 o7 ,0)NB=0,VieR, Y OeS(A) (60)

where:

U (TGP 4,u,;,0)) (61)

Given that the dynamic control problem has been solved,
the state estimation problem can also be solved to accommo-
date a communication delay. In particular, a remote vehicle
information recerved by a local vehicle can be by the tuple (x7,
t", F(t)) where X eX” 1s the remote vehicle dynamic state, t 1s
the time stamp for the universal time at which a message was
sent and a set-valued signal of the future dynamics F:R, —P
(X), which 1s assumed to contain remote dynamics during a
transmission time. Stated differently, 1(x"(t), u’(t))eF(t) for
all time te[t’, t]. Inaddition, a current remote state uncertainty
can be calculated as:

X' =x"+|F(t)dv (62)

where t 1s a current time for a local vehicle which 1s assumed
to be greater than a remote time stamp t,". As such, the
tollowing inclusion must always hold:

X (T)eX" (1) (63)

It 1s appreciated that this can be the main source of state
uncertainty for the ICA system.

In the event that one of the vehicles 1s a non-communicat-
ing vehicle, the non-communicating vehicle can be modeled
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with all inputs replaced with disturbances. Stated differently,
the non-communicating vehicle 1s modeled as the tuple

2
D O={X% A% 77,

where the vector field 1s of the form I: XxA—=X. It 1s appreci-
ated that the safety specification introduced above must be
interpreted as the set of all in1tial conditions such that for any
input by the non-communicating vehicle, a control exists that
maintains the safety specification. This can be accomplished
by 1dentifying a set escape set W and closed loop feedback
(G:X=2 U such that the safety specification 1s met and math-
ematically provided by:

xeW=>¢(t.x(u_/,0°))eB, VteR VO eS(A?) (64)
where:
. (TeG(Px(u,/,07))) (65)

It 1s appreciated that such an implementation 1s the same as
the above-identified embodiments except that the input set 1s
now given as U={0} for a non-communicating vehicle, or in
the alternative 1s replaced by a disturbance signal.

Regarding algorithmic implementation, a summary of the
algorithmic tools used to compute the restricted capture 1s
provided. In particular, this 1s accomplished through a linear
complexity algorithm, in terms of state dimension [3]. The
algorithms are implemented on-board a vehicle computer and
thus use a discrete-time system model to numerically inte-
grate the dynamics. The discrete-time flow of this system 1s
denoted as ¢:N xXxS(U)xS(D)—X, with a step size AT>0,
and the discrete-time flow 1s generated by the forward Euler
approximation of the continuous time dynamics which can be
mathematically described by:

Q(r+1,x,1,0)=¢p(rn,x,u,0)+ATAP(n,x,u,0),ufn-1],0[n-1] (66)

With an mnitial condition of ¢(0, x, u, d)=x, and sampled
signals u[n]:=u(nAT) and d[n]:=0(nAT).

Rather than explicitly computing the restricted capture set
C, , we compute a slice of the restricted capture set, denoted
C, =X,,corresponding to the current vehicle velocity. Due to
the order preserving properties of the dynamics with respect
to state and input, and the structure of the bad set B< X the
restricted capture set slice 1s computed through back propa-
gation of the upper and lower bounds of the bad set, 1.e. L,
HeX,. Specifically, the algorithm CaptureSetSlice(X, u) uses
the sequences L(m, X, u) and H(n, x, u), which are given by

Lnxu)=L+x —-D(nxudy),

Uln,x,u)=U+x,—D(nx,u,d;), (67)

where d, (1):=(d,"',d,*) and d,(t):=(d,,',d,,”) for all teR _.

The restricted capture set slice C can be written as

C, = U]L(n, supX, u), H(n, inf%, u)|. (63)

keN

Membership within the capture set slice can then be con-
cluded by taking intersection of the state uncertainty with the
collection of all interval sets, established by
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X () U]L(n,. supXx, u), H(n, infX, u)[ 0% NG, 0. (69)

keN

The mput arguments of the function used to construct the
restricted capture set slice are the state uncertainty x © X and
the control signal ueS (U). The output 1s the capture set slice
C,, computed with the Algorithm 3.6.

Algorithm 1 C,, = CaptureSetSlice (X, u)

Input: (X,u) € 2% x S (u)
n=1
loop
Termination met when the sequence H(n, inf %, u) is no longer in the set
Cone, (inf x,).
if infx, = H(n, inf %, u) and inf X, & |L(n, sup X, u), H(n, inf X, u)
[thenn=n+1

else
return C, = U, _, JL(k, sup %, u), H(k, inf %, u)[.
end if

end loop
Output: C,, © X|.

If the state uncertainty X is an interval set, we can conclude
non-empty intersection of the capture set with the state uncer-
tainty by using the equivalence

£,NC =0 #NC, =0 (70)

The closed-loop implementation of the feedback set-val-
ued map (12), 1n discrete time, 1s provided 1in Algorithm 3.6

from [3], where u=FeedbackMap(X[n+1], X[n]).

Algorithm 2 u = FeedbackMap(X [n + 1], X [n])

Input: (X [n+ 1], X [n]) € 2% x 2
Construct capture set slices for state prediction.

C,; = CaptureSetSlice(X[n + 1], u;), C,z; = CaptureSetSlice(X[n + 1], uz)
Check if predicted state X [n + 1] intersects both capture set slices.
if Mm+1]NC,, = fnd %X [n+ 1] NC,,, = Othen
Construct capture set slices for current state.
C,; = CaptureSetSlice(X [n], u;), C,z = CaptureSetSlice(X [n], uz)
Determine control according to equation (27).
if%,[n] N C,, =0and X,[n] N C,,; = Othen
u=1uy
else if x,[n] N C,; = Vand X,[n] N C,;; = Othen
U= Uy
else
u=1uy
end if
else

No control specified.
ue U

end 1f

Output: u € U.

The invention 1s not restricted to the embodiments, 1llus-
trative examples, and the like described above. The embodi-
ments, examples, etc. are not itended as limitations on the
scope of the imnvention. Methods, processes, systems, and the
like described herein are exemplary and not intended as limi-
tations on the scope of the invention. Changes therein and
other uses will occur to those skilled 1n the art. The scope of
the mnvention 1s defined by the scope of the claims.

We claim:

1. A back propagating intersection collision avoidance sys-
tem for preventing two vehicles from colliding at an 1ntersec-
tion, said system comprising:

a first vehicle and a second vehicle, said first and second

vehicle each operable to approach the intersection at a
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definable velocity and acceleration, said intersection
having a collision zone in which said first and second
vehicle will collide if present at a same time;

said first vehicle having a processing unit with controller

and a microprocessor with an algorithm, said algorithm
having a disturbance model and said processing umit
operable to back propagate from said collision zone a
capture set as a function of a disturbance for said first and
second vehicle, determine 1 said first and second vehicle
1s within said capture set, and if not, determine if said
first and second vehicle will enter said capture set, said
capture set covering control scenarios as a function of
maximum torque and minimum torque of said first
vehicle;

said processing unit also operable to istruct said controller

to accelerate or de-accelerate said first vehicle in order to
prevent said first vehicle from entering said capture set.

2. The system of claim 1, wherein said processing unit with
said disturbance model 1s operable to calculate said distur-
bance as a function of uncertainty from at least one of: actua-
tor delays for said first vehicle; actuator delays for said second
vehicle; discrete time steps used by said microprocessor and
said algorithm; communication time delays; vehicle dynam-
ics for said first vehicle; and vehicle dynamics for said second
vehicle.

3. The system of claim 2, wherein said processing unit with
said disturbance model 1s operable to calculate a worst case
scenari1o for at least one of said first vehicle and said second
vehicle.
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4. The system of claim 3, wherein said processing unit with
said disturbance model 1s operable to calculate a disturbance
as a fTunction of at least one of: current dynamics of said first
vehicle not known entirely; current dynamics of said second
vehicle not known entirely; a current state of said first and
second vehicle not known due to a communication delay; a
current state of said first and second vehicle not known due to
at least one sensor noise; and a current state of said second
vehicle not known due to said second vehicle being a non-
communicating vehicle.

5. The system of claim 4, wherein said processing unit with
said disturbance model 1s operable to calculate said second
vehicle as a complete disturbance when said second vehicle 1s
a non-communicating vehicle.

6. The system of claim 1, wherein said processing unit with
said disturbance model 1s operable to calculate said capture
set as a Tunction of a disturbance signal and a time.

7. The system of claim 6, wherein said capture set (C) 1s:

C:={xeXIVueS(U),A0eS(A), and >0 such that ¢(z,x,
u,0)eB }

where X 1s a distance, X 1s all possible x, u 1s an mput signal,
S(U) 1s the set of all causal input signals, t 1s time, ¢ 1s the
current state, o 1s a disturbance signal, S(A) 1s the set of all
admissible disturbance signals and B 1s a bad set, said capture
set (C) being a largest set such that given any input signal u,
there exists a disturbance signal ¢ and time t such that the tlow
of the system enters the bad set B.
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